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TESTS AND DESIGN OF COLD-FORMED UNLIPPED CHANNELS 
SUBJECTED TO WEB CRIPPLING 
Ben Youngt & Gregory J. Hancock* 
ABSTRACT 
A series of tests on cold-formed unlipped channels subjected to web crippling is presented in 
this paper. The tests were conducted under the four loading conditions specified in the 
AustralianlNew Zealand Standard (ASINZS 4600, 1996) and the American Iron and Steel 
Institute (AISI, 1996) Specification for cold-formed steel structures. The four specified loading 
conditions are the End-One-Flange (EOF), Interior-One-Flange (IOF), End-Two-Flange (ETF) 
and Interior-Two-Flange (ITF) loading. The loading of concentrated load or reaction forces 
were applied by means of bearing plates which acted across the full flange widths of the 
channels. The web slenderness values of the tested channel sections ranged from 15.3 to 45. 
The flanges of the channels were not fastened to the bearing plates. The test strengths are 
compared with the design strengths obtained using the ASINZS 4600 and the AISI 
Specification. It is demonstrated that the design strengths predicted by the standard and the 
specification are generally unconservative for unlipped channels. Test strengths as low as 37% 
of the design strengths were obtained. 
New web crippling design equations for unlipped channels are proposed in this paper. The 
proposed design equations are derived based on a simple plastic mechanism model, and the 
web crippling strength is obtained by dispersing the bearing load through the web. Factors to 
account for the variation of the web slenderness are also incorporated in these equations. The 
proposed design equations are calibrated with the test results. It is shown that the web crippling 
strengths predicted by the proposed design equations are generally conservative for unlipped 
channels with web slenderness values of less than or equal to 45. The reliability of the current 
design rules and the proposed design equations used in the prediction of web crippling strength 
of cold-formed channels are evaluated using reliability analysis. The safety indices of the 
current design rules for different loading conditions are found to be much lower than the target 
safety index specified in the AISI Specification, while the safety indices of the proposed design 
equations are generally higher than the target value. 
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Web crippling is a fonn of localized buckling that occurs at points of transverse concentrated 
loading or supports. Cold-fonned channels that are unstiffened against this type of loading are 
susceptible to structural failure caused by web crippling. The computation of the web crippling 
strength by means of theoretical analysis is quite a complex process as it involves a large 
number of factors, such as the initial imperfection of web element, local yielding in the region 
of load application, instability of the web element and other factors. Hence, the current design 
rules found in most specifications for cold-fonned steel structures are empirical in nature. The 
empirical design rules used in the AustralialNew Zealand Standard (AS/NZS 4600, 1996) and 
the American Iron and Steel Institute (AISI, 1996) Specification for cold-fonned steel 
structures were based on the experimental findings of Winter & Pian (1946), Zetlin (1955) and 
Hetrakul & Yu (1978) for sections with slender webs. The four loading conditions that are of 
prime interest are namely the End-One-Flange (EOF), Interior-One-Flange (IOF), End-Two-
Flange (ETF) and Interior-Two-Flange (ITF) loading. 
An important point to note is that the majority of the tests perfonned by the aforementioned 
authors are limited to the two basic types of sections depicted in Fig. 1. The section shown in 
Fig. la has a pair of flat unreinforced single webs (webs without stiffeners) with one stiffened 
flange and one unstiffened flange, while that shown in Fig. I b has a degree of restraint against 
rotation of the web. However, in practice the design recommendations contained in the 
AS/NZS 4600 and the AISI Specification are also applied to other types of cross-sections such 
as unlipped channels, which have a flat unstiffened web as well as two unstiffened flanges. The 
design equations for channels, Z-sections and hat sections are based on the experimental tests 
on hat sections illustrated in Fig. la, while those for I-sections or similar sections are based on 
the test results of the channel back-to-back sections illustrated in Fig. lb. Furthennore, the 
specimens tested by Winter & Pian (1946), Zetlin (1955), and Hetrakul & Yu (1978) were thin 
gauge members « 3 mm) having yield stress less than 379 MPa (55 ksi). This is due to the 
limitation of cold-fonning technology in the past. On the other hand, high strength steels and 
thicker sections can now be cold-fonned (up to 16 mm). 
According to Rhodes & Nash (1998), the computation of web crippling strength obtained using 
empirical methods is relatively rapid and safe within their range of application, which does not 
imply that empirical methods are without drawbacks. The equations, derived through empirical 
methods, are only applicable for a specific range and it may be difficult to ascertain the 
underlying engineering principles in parts of the complex equations. Therefore, there is a need 
to detennine the appropriateness of the current design rules on the various types of steel 
members, and to propose design equations that are not purely empirical in nature but in 
combination of both theoretical and empirical bases. 
In this paper, the appropriateness of the current design rules in the ASINZS 4600 and the AISI 
Specification for unlipped channels subjected to web crippling is investigated. A series of tests 
was conducted under the four loading conditions specified in the ASINZS 4600 and the AISI 
Specification. The web crippling test strengths are compared with the design strengths obtained 
using the ASINZS 4600 and the AISI Specification. Furthennore, a set of equations to predict 
the web crippling strengths of unlipped channels with web slenderness (depth of the flat 
portion of the web to thickness ratio, hit) values less than or equal to 45 is proposed. The 
proposed design equations are derived based on a simple plastic mechanism model, and these 
equations are calibrated with the test results. The proposed design equations are derived 
through a combination of theoretical and empirical analyses. Factors to account for the 
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variation of the web slenderness of the channel sections have also been incorporated in the 
proposed design equations. In addition, the current design rules and the proposed design 
equations used in the prediction of web crippling strength are evaluated using reliability 
analysis. The safety indices of the current design rules and the proposed design equations are 
compared with the target safety index specified in the AISI Specification. 
Web crippling design equations for unlipped channels based on plastic mechanism model have 
been proposed by Young and Hancock (1998). The proposed design equations did not account 
for the variation of the web slenderness hit ratio. This is due to the limited number of test data. 
In this paper, more test data are presented. Hence, factors to account for the variation of the 
web slenderness are included in the proposed design equations in this paper. 
2 EXPERIMENTAL INVESTIGATION 
2.1 Test Specimens 
Two series of tests were performed on cold-formed unJipped channels subjected to web 
crippling. The specimens were rolled from structural steel sheets having nominal yield stresses 
of 450 MPa and 250 MPa for Series Sl and S2 respectively. The Series SI sections (called 
DuraGal) have in-line galvanising which increases their nominal yield stress from 300 MPa to 
450 MPa when combined with roll-forming. Series SI and S2 consisted often different section 
sizes, having a nominal thicknesses ranging from 4 mm to 6 mm, a nominal depth of the webs 
ranging from 75 mm to 300 mm, and nominal flange widths ranging from 40 mm to 90 mm. 
The web slenderness (hit) values ranged from 15.3 to 45.0 and these values were obtained 
using the measured cross-sectional dimensions. The specimens are considered to have stocky 
webs. Young and Hancock (1998) also performed similar tests on cold-formed channels brake-
pressed from zinc-coated Grade G450 structural steel sheets having a nominal yield stress of 
450 MPa and a nominal thickness of 1.5mm. The web slenderness values were 60.9 and 62.7. 
The specimen length (L) was determined according to the ASINZS 4600 and the AISI 
Specification. Generally, the clear distance between opposed loads was set to be 1.5 times the 
overall depth of the web rather than 1.5 times the depth of the flat portion of the web, the latter 
being the minimum specified in the specifications. Tables 1-10 show the measured test 
specimen dimensions, using the nomenclature defined in Fig. 2, where d is the overall depth of 
web, hJ is the overall width of flange, t is the thickness and ri is the inside corner radius of the 
channel sections. 
2.2 Bearing Plates 
The load or reaction forces were applied by means of bearing plates. The bearing plates were 
fabricated using high strength quench and tempered steel having a nominal yield stress of 690 
MPa. All bearing plates were machined to specified dimensions, and the height was 50 mm for 
all bearing plates. The bearing plates were designed to act across the full flange widths of the 
channels excluding the rounded corner. The length of bearing (N) was chosen to be the full and 
half flange widtl;J. of the channels for Series S 1 and full flange width of the channels for Series 
S2. The flanges of the channel specimens were not fastened to the bearing plates. 
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2.3 Specimen Labeling 
In Tables 1-10, the specimens were labeled such that the series, loading condition, the depth of 
the web and length of bearing could be identified from the label. For example, the label 
"SlEOFI25N65-a" and "S IITFI 25N65(2)" define the following specimens: 
• The first two letters indicate that the specimen belongs to test Series S I. 
• The third through the fifth letters indicate that the loading condition End-One-Flange 
(EOF) or Interior-Two-Flange (ITF) was used in the test. 
• The next three digits (125) are the overall depth of the web in mm (125 mm). 
• The notation "N65" indicates the length of bearing in mm (65 mm). 
• The last letter "a" indicates that a pair of specimens ("a" and "b") was used in the test. A 
pair of specimens was used only in the EOF and IOF loading conditions. 
• If a test was repeated, then "(1)" indicates the first test and "(2)" indicates the second test. 
These specimens belong to Channel125x65x4 section, where the nominal overall depth of web 
is 125mm, the overall width of flange is 65mm and the thickness of the channel section is 
4mm. 
2.4 Material Properties 
The material properties of the test specimens were determined by tensile coupon tests. The 
coupons were taken from the centre of the web plate in the longitudinal direction of the 
finished specimens. The tensile coupons were prepared and tested according to the Australian 
Standard AS1391 (1991) for the tensile testing of metals using 12.5 mm wide coupons of 
gauge length 50 mm. All the coupons were tested in a 300 kN capacity MTS displacement 
controlled testing machine using friction grips. A calibrated extensometer of 50 mm gauge 
length was used to measure the longitudinal strain. A data acquisition system was used to 
record the load and the gauge length extensions at regular intervals during the tests. The static 
load was obtained by pausing the applied straining for one minute near the 0.2% tensile proof 
stress and the ultimate tensile strength. This allowed the stress relaxation associated with 
plastic straining to take place. 
Table 11 summarises the material properties determined from the coupon tests, namely the 
nominal and the measured static 0.2% tensile proof stress (0"0.2), the static tensile strength (O"u) 
and the elongation after fracture (e.) based 011 a gauge length of 50 mm. The 0.2% proof 
stresses were used as the corresponding yield stresses. The stress-strain curves obtained from 
the coupon tests are detailed in Young and Hancock (1999). 
2.5 Loading Conditions and Test Rig 
The channel specimens were tested using the four loading conditions according to the AS/NZS 
4600 and the AISI Specification. These loading conditions are EOF, IOF, ETF and ITF, as 
shown in Fig. 3. 
For EOF loading, two channel specimens were used in the test to provide symmetric loading. 
The specimens were bolted to a load transfer block at the central loading point. Two identical 
bearing plates of the same width were positioned at both ends of the specimens. Hinge and 
roller supports were simulated by half rounds and Teflon pads. Transducers were used to 
record the web deformations of the specimens so that deformations were taken between the 
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bearing plates and the top of the specimens. Photographs and the test arrangement of EOF 
loading are given in Young and Hancock (1999). 
For IOF loading, two specimens were bolted to load transfer blocks at the end supports, and a 
bearing plate was positioned at the mid-length of the specimens. Hinge and roller supports 
were also simulated by half rounds and Teflon pads. The web deformations were measured 
between the bearing plate and the bottom of the specimens. Photographs and the test 
arrangement ofIOF loading are given in Young and Hancock (1998 and 1999). 
For ETF and ITF loading conditions, two identical bearing plates of the same width were 
positioned at the end and mid-length of each specimen respectively. Photographs of the ITF 
test are shown in Figs 4a and 4b for the front and end views respectively. Only one channel 
specimen was used in the ETF and ITF tests, since the loads were always in the line of action 
of the force. Hinge supports were simulated by two half rounds. Web deformations of the 
specimen were measured between the two bearing plates, and the web deformations obtained 
by the average of three transducers. 
A 2000 kN capacity DARTEC servo-controlled hydraulic testing machine was used to apply a 
compressive force to the test specimens. Displacement control was used to drive the hydraulic 
actuator at a constant speed of 0.8 mmlmin. A SPECTRA data acquisition system was used to 
record the load and the transducer readings at regular intervals during the tests. The static load 
was recorded by pausing for one minute near the ultimate load. This allowed the stress 
relaxation associated with plastic straining to take place. 
2.6 Test Results 
The experimental ultimate web crippling loads per web (PExp) are given in Tables 1-6 and 7-10 
for Series SI and S2 respectively. Three tests were repeated and these specimens are 
SlITF125N65, SlITF125N32 and S2IOF80N40. The test results for the repeated tests are very 
close to their first test values, with a maximum difference of less than 1.4%. The small 
difference between the repeated tests demonstrated the reliability of the test results. For 
specimens SlEOF75N40 and SlEOF75N20 (stockier web having hit = 15.3) subjected to EOF 
loading condition, web crippling was not observed at ultimate load during testing, but 
specimens failed in overall twisting of the sections. The applied compressive loads per web are 
plotted against the measured web deformations for all channel specimens and are detailed in 
Young and Hancock (1999). 
3 COMPARISON OF TEST STRENGTHS 
WITH CURRENT DESIGN STRENGTHS 
The web crippling loads per web obtained from the tests are compared with the nominal web 
crippling strengths predicted using the AustralianlNew Zealand Standard (AS/NZS 4600, 
1996) and the American Iron and Steel Institute (AISI, 1996) Specification for cold-formed 
steel structures. The AS/NZS 4600 has adopted the web crippling design rules from the AISI 
Specification, and no changes are introduced into the web crippling strength rules (Section 
C3.4 of the AISI Specification), except that the provision for using high strength steels with a 
yield stress greater than 459 MPa (66.5 ksi) in equations C3.4-1, C3.4-2 and C3.4-6 of the AISI 
Specification has not yet been adopted in the AS/NZS 4600. Tables 12 and 13 show the 
comparison of the test strengths (PExp) with the unfactored design strengths (Pn) for Series SI 
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and S2 respectively. In addition, the ratio of the test strength to the unfactored design strength 
(PExpIPn) is plotted against the web slenderness (hit) of all tested channels, as shown in Figs 5, 
6,7 and 8 for EOF, IOF, ETF and ITF respectively. The design strengths were calculated using 
the average measured cross-section dimensions and the measured material properties as 
detailed in Tables 1-10 and 11 respectively. A value of 203,000 MPa specified in the AISI 
Specification was used for the Young's modulus of elasticity (E) in calculating the predicted 
design strength of the channels. 
The current design strengths (Pn) predicted by the specifications are unconservative, except 
that the specifications closely predicted the web crippling strengths for the EOF loading 
condition in most of the tested channels. For Series SI, the average values of the web crippling 
strength of specimens subjected to IOF, ETF and ITF loading conditions were reached in the 
tests at 67%, 66% and 56% of the values predicted by the specifications respectively, as shown 
in Table 12. For Series S2, the corresponding values of the specimens subjected to IOF, ETF 
and ITF loading conditions are 72%, 57% and 45% respectively, as shown in Table 13. It is 
noteworthy that test strength as low as 37% of the current design strength was obtained in the 
test for a certain specimen subjected to the ITF loading condition. 
4 PROPOSED DESIGN EQUATIONS 
The nominal web crippling strength (Pn) of unlipped channels calculated according to the 
AS/NZS 4600 (1996) and AISI (1996) design rules are generally unconservative, as shown in 
Tables 12-13 and Figs 5-8. This is probably because the current design rules were calibrated 
for sections with more slender webs (hit> 60) and the majority of the tests were performed on 
section shown in Fig. la as mentioned in the Introduction. Hence, design equations for 
unlipped channels with stockier webs are proposed in this paper. It is assumed that the bearing 
load is applied eccentrically to the web due to the presence of the comer radii, which produces 
bending of the web out of its plane causing a plastic mechanism as shown in Fig. 9. A plastic 
mechanism model is used to establish design equations, which account for the eccentric 
loading of the web. This approach is similar to that used for square and rectangular hollow 
sections (SHS and RHS) by Zhao and Hancock (1992 and 1995) to determine the web 
crippling strengths for both interior and end bearing loads. These equations have been used in 
the Australian Standard (AS 4100, 1998) for steel structures. The SHS and RHS tested by Zhao 
and Hancock (1992 and 1995) also had stockier webs than was intended for the AS/NZS 4600 
and AISI web crippling equations. In addition, the proposed design equations for unlipped 
channels are calibrated with the test results. Hence, the equations are derived through a 
combination oftheoretical and empirical analyses. 
The proposed equations for channel sections are summarised as: 
where 









N m - ed N+-2 
(3) 
for Interior loading 
(4) 
for End loading 
in which, Ppm is the web crippling strength predicted by using the plastic mechanism model, Mp 
is the plastic moment per unit length, rand ri are the centreline and inside comer radii 
respectively, h is the depth of the flat portion of the web measured along the plane of the web, t 
is the thickness of the web, h is the yield stress, d is the overall depth of the web and N is the 
length of the bearing. In Eqn. 4, Nm is the assumed mechanism length, as shown in Figs lOa 
and lOb for interior and end loading respectively. It is based on an assumption that the 
dispersion slope of the load through the comer and the web is 1:1 with correction factors i and 
e for interior loading and end loading respectively. The correction factors for interior loading 
are i = 1.3 and 1.4 for IOF and ITF respectively, and the correction factors for end loading are e 
= 1.0 and 0.6 for EOF and ETF respectively. Equation I also accounts for the web slenderness 
(hit) of the channel sections. The use of the term [1.44 - 0.0133(hlt)] avoids the need for a 
separate buckling check as in AS4100 (1998). 
5 COMPARISON OF TEST STRENGTHS 
WITH PROPOSED DESIGN STRENGTHS 
The experimental ultimate web crippling loads per web (PExp) obtained from the tests are 
compared in Tables 14 and 15 with the proposed design strengths (Ppm) using the plastic 
mechanism model. In Figs 11-14, the ratio of the test strength to the proposed design strength 
(PExp/Ppm) is plotted against the web slenderness (hit) of all tested channels. The proposed 
design strengths were calculated using the average measured cross-section dimensions and the 
measured material properties as detailed in Tables 1-10 and II respectively. 
The proposed design strengths (Ppm) are generally conservative for the Series SI and S2 
specimens. For Series SI, the average values of the web crippling strength of specimens 
subjected to EOF, IOF, ETF and ITF loading conditions were reached in the tests at 104%, 
103%, 107% and 105% of the values predicted by the proposed design equations respectively, 
as shown in Table 14. For Series S2, the corresponding values of the specimens subjected to 
EOF, IOF, ETF and ITF loading conditions are 137%, 127%, 111% and 101% respectively, as 
shown in Table 15. The plastic mechanism model approach therefore appears to be suitable for 
unlipped channels with a web slenderness (hit) value ofless than or equal to 45. 
6 RELIABILITY ANALYSIS 
The safety index (13) is a relative measure of the safety of the design. A lower target safety 
index of 2.5 for structural members is recommended as a lower limit for the AISI 
Specification. In general, if the safety index is greater than 2.5 (13 > 2.5), then the design is 
considered to be reliable. 
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The existing resistance (capacity) factor ($) of 0.75 for web crippling strength of single 
unreinforced webs is given by the AS/NZS 4600 (1996) and the AISI (1996) Specification. In 
this paper, the resistance (capacity) factor ($ = 0.75) is used in the reliability analysis. A load 
combination of 1.25DL + 1.50LL is also used in the analysis, where DL is the dead load and 
LL is the live load. Accordingly, the safety index may be given as, 
(5) 
The statistical parameters Mm, Fm, VM and VF are mean values and coefficients of variation for 
material properties and fabrication variables respectively. These values are obtained from BHP 
Structural and Pipeline Products (1998) and Table F1 of the AISI Specification for Series Sl 
and S2 respectively. Table 16 shows the statistical parameters for Series Sl and S2. The 
statistical parameters Pm and Vp are mean value and coefficient of variation for design 
equations, as shown in Tables 12-13 and 14-15 for current design rules and proposed design 
equations respectively. The correction factor Cp is used to account for the influence due to a 
small number of tests (Pek6z and Hall 1988, and Tsai 1992), and the factor Cp is given in Eqn. 
Fl.l-3 of the AISI Specification. The safety index in Eqn. 5 is detailed in Rogers and Hancock 
(1996). ' 
The safety indices (13) of the current design rules to predict the web crippling strengths for the 
four loading conditions are much lower than the minimum target safety index (13 = 2.5), except 
for the EOF loading condition of Series Sl, as shown in Tables 12 and 13. Safety indices as 
low as 0.48 and -0.13 were calculated for the ITF loading condition for Series Sl and S2 
respectively. However, this is not the case for the proposed design equations, the safety indices 
are generally higher than the target value for the four loading conditions as shown in Tables 14 
and 15 although the ETF and ITF cases for Series S2 are slightly lower than 2.5 when taken on 
their own. The proposed design equations are much more reliable than the current design rules. 
The proposed design equations produce reliable limit state designs when calibrated with the 
existing resistance (capacity) factor ($ = 0.75). 
7 DESIGN RECOMMENDATIONS 
It has been shown experimentally that the web crippling strength of unlipped channels having 
stocky webs (hit::; 45) calculated according to the AustralialNew Zealand Standard (AS/NZS 
4600, 1996) and the American Iron and Steel Institute (AISI, 1996) Specification for cold-
formed steel structures are generally unconservative. It is recommended that the web crippling 
design equations in the AS/NZS 4600 and the AISI Specification be limited to web slenderness 
values greater than 45 when applied to unlipped channels. 
In this paper, web crippling design equations for unlipped channels having stocky webs have 
been proposed, as shown in Eqns 1-4. The proposed design equations are derived based on a 
simple plastic mechanism model with some adjustment for web slenderness, and the web 
crippling strength is obtained by dispersing the bearing load through the web. It has been 
shown that the web crippling strengths predicted by the proposed design equations are 
generally conservative with web slenderness values ofless than or equal to 45. Therefore, it is 
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recommended that web crippling strength of unlipped channels having stocky webs (hit $; 45) 
can be calculated using the proposed design equations based on a mechanism model. 
8 CONCLUSIONS 
A test program on cold-formed unlipped channels subjected to web crippling has been 
presented in this paper. Channel specimens having nominal yield stresses of 450 MPa and 250 
MPa as well as different plate slenderness of the web were tested. The web slenderness values 
ranged from 15.3 to 45 have been investigated. The specimens were tested using the four 
loading conditions (EOF, IOF, ETF and ITF) according to the AustralianlNew Zealand 
Standard (AS/NZS 4600, 1996) and the American Iron and Steel Institute (AISI, 1996) 
Specification for cold-formed steel structures. 
The test strengths were compared with the current design strengths obtained using the AS/NZS 
4600 and the AISI Specification. It is demonstrated that the current design strengths predicted 
by the specifications are unconservative for unlipped channels (single unreinforced webs), 
except that the specifications closely predicted the web crippling strengths for the EOF loading 
condition in most of the tested channels. For a certain specimen subjected to ITF loading 
condition, the test strength is only 37% of the current design strength predicted by the 
specifications. It is recommended that the web crippling design equations in the AS/NZS 4600 
and the AISI Specification be limited to web slenderness values greater than 45 when applied 
to unlipped channels. 
Web crippling design equations for unlipped chamlels have been proposed in this paper. The 
proposed design equations are derived based on a simple plastic mechanism model with some 
adjustment for web slenderness, and these equations are calibrated with the test results, which 
take accounts of the variation of the web slenderness of the channel sections. It has been shown 
that the proposed design strengths are generally conservative for unIipped channels having 
nominal yield stresses of 450 MPa and 250 MPa with web slenderness values of less than or 
equal to 45. 
The reliability of the current design rules and the proposed design equations have been 
evaluated using reliability analysis. In general, the safety indices of the current design rules are 
much lower than the target safety index of 2.5 as specified in the AISI Specification. Whereas 
the safety indices of the proposed design equations are generally higher than the target value. 
Therefore, the proposed design equations are much more reliable than the current design rules 
for the prediction of web crippling strength of the tested channels. The proposed design 
equations are capable of producing reliable limit state designs when calibrated with the existing 
resistance (capacity) factor (tjI = 0.75). 
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NOTATION 
hJ Overall width of flange 
Cp Correction factor in reliability analysis 
COY Coefficient of variation 
DL Dead load 
d Overall depth of web 
E Young's modulus of elasticity 
e Correction factor for end loading condition 
Fm Mean value of fabrication variables 
h Yield stress 
h Depth of flat portion of web measured along the plane of web 
i Correction factor for interior loading condition 
L Length of specimen 
LL Live load 
Mm Mean value of material properties 
Mp Plastic moment per unit length 
N Length of bearing 
Nm Assumed mechanism length 
PExp Experimental ultimate web crippling load per web 
Pm Mean value of design equations 
Pn Nominal web crippling strength obtained from specifications (Unfactored current 
design strength) 
Ppm Proposed web crippling strength predicted by using plastic mechanism model 
r Centreline comer radius of specimen 
ri Inside comer radius of specimen 
SD Standard Deviation 
t Thickness of channel section 
VF Coefficient of variation of fabrication variables 
VM Coefficient of variation of material properties 
Vp Coefficient of variation of design equations 
P Safety index (Reliability index) 
E Strain 
Eu Elongation (tensile strain) after fracture based on a gauge length of 50mm 
0" Stress 
0"0.2 Static 0.2% tensile proof stress 
o"u Static ultimate tensile strength 
<II Resistance (capacity) factor 
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t t (a) (b) 
Fig. 1. Basic Types of Sections for Web Crippling 







Fig. 3. Loading Conditions of Web Crippling Tests 
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(a) Front view 
b) End view 
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Fig. 5. Comparison of Test Strengths with Current Design Strengths 
for EOF Loading Condition 
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Fig. 6. Comparison of Test Strengths with Current Design Strengths 
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Fig.7. Comparison of Test Strengths with Current Design Strengths 
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Fig. 8. Comparison of Test Strengths with Current Design Strengths 
























(a) One flange loading (EOF & IOF) (b) Two flange loading (ETF & ITF) 
Fig. 9. Mechanism Model 
Plastic Hinge 
(a) Interior loading 
Plastic Hinge 
(b) End loading 
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Web Slenderness, hit 
Fig. 12. Comparison of Test Strengths with Proposed Design Strengths 
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Specimen Web Flanges Thickness Radius Length Exp. Load per Web 
d bf t r, L PExp 
(nun) (nun) (nun) (nun) (nun) (kN) 
SIEOF75N40-a 74.5 40.2 3.84 3.9 397.0 23.9* 
SIEOF75N40-b 74.4 40.3 3.84 3.9 396.0 23.9* 
SIEOF75N20-a 74.3 40.3 3.84 3.9 355.2 24.6* 
SIEOF75N20-b 74.4 40.4 3.84 3.9 354.0 24.6* 
SlIOF75N40-a 74.6 40.4 3.85 3.9 444.3 49.0 
SlIOF75N40-b 74.6 40.3 3.85 3.9 446.8 49.0 
SIIOF75N20-a 74.6 40.4 3.86 3.9 424.8 47.2 
SIIOF75N20-b 74.5 40.4 3.86 3.9 424.1 47.2 
S1ETF75N40 74.3 40.5 3.85 3.9 152.0 22.1 
S1ETF75N20 74.4 40.4 3.84 3.9 133.6 18.3 
SlITF75N40 74.5 40.5 3.84 3.9 263.8 51.3 
SlITF75N20 74.6 40.5 3.84 3.9 243.0 54.9 
Mean 74.5 40.4 3.85 3.9 
SD 0.11 0.09 0.01 0.00 
COY 0.002 0.002 0.002 0.000 
.. 
* Overall tWIstmg failure 
Note: 1 in. = 25.4mm; 1 kip = 4.45 kN 
Table 1. Measured Specimen Dimensions and Experimental Ultimate Loads 
for Channel 75x40x4 of Series S1 
Specimen Web Flanges Thickness Radius Length EXD. Load Der Web 
d br t r, L PExo 
(nun) (nun) (nun) (nun) (nun) (kN) 
SIEOFlOON50-a 99.3 50.4 3.85 4.1 490.0 34.4 
SIEOFI00N50-b 99.3 50.4 3.85 4.1 490.7 34.4 
SIEOFI00N25-a 99.3 50.5 3.85 4.1 440.0 31.4 
S IEOFlOON25-b 99.2 50.4 3.83 4.1 439.7 31.4 
SIIOFlOON50-a 99.2 50.4 3.83 4.1 529.2 57.9 
SIIOFlOON50-b 99.2 50.5 3.83 4.1 530.9 57.9 
SIIOFlOON25-a 99.2 50.4 3.84 4.1 505.0 56.3 
SIIOFlOON25-b 99.3 50.4 3.84 4.1 506.0 56.3 
S1ETFI00N50 99.1 50.4 3.83 4.1 200.2 24.8 
S1ETFI00N25 99.4 50.3 3.83 4.1 175.0 22.6 
SlITFlOON50 99.3 50.4 3.83 4.1 350.0 58.3 
SlITFlOON25 99.2 50.4 3.84 4.1 325.0 66.3 
Mean 99.3 50.4 3.84 4.1 
SD 0.08 0.05 om 0.00 
COY 0.001 0.001 0.002 0.000 
Note: 1 m. - 25.4mm; 1 kip = 4.45 kN 
Table 2. Measured Specimen Dimensions and Experimental Ultimate Loads 
for Channel100x50x4 of Series S1 
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Specimen Web Flanges Thickness Radius Length Exp. Load per Web 
d br t rj L PUD 
(rom) (rom) (rom) (rom) (rom) (kN) 
SIEOF125N65-a 125.0 65.5 3.85 3.9 594.0 35.3 
SIEOF125N65-b 124.9 65.5 3.84 3.9 593.4 35.3 
SIEOFI25N32-a 125.6 65.7 3.84 3.9 528.8 29.7 
SIEOFI25N32-b 125.4 65.6 3.84 3.9 529.2 29.7 
SlIOF125N65-a 125.0 65.7 3.86 3.9 618.5 63.6 
SIIOFI25N65-b 125.0 65.6 3.86 3.9 619.3 63.6 
SIIOFI25N32-a 125.0 65.5 3.86 3.9 587.0 57.4 
SIIOFI25N32-b 125.0 65.7 3.86 3.9 586.8 57.4 
SIETFI25N65 125.6 65.4 3.83 3.9 252.5 28.2 
SIETFI25N32 125.3 65.3 3.84 3.9 219.8 23.4 
SIITFI25N65(1) 125.0 65.6 3.84 3.9 440.0 60.4 
SIITFI25N65(2) 124.9 65.5 3.84 3.9 440.1 59.6 
SIITFI25N32(1) 125.1 65.6 3.85 3.9 407.7 64.4 
S IITF 125N32(2) 124.9 65.3 3.85 3.9 407.5 63.8 
Mean 125.1 65.5 3.85 3.9 
SD 0.25 0.13 0,01 0.00 
COY 0.002 0.002 0.003 0.000 
Note: I m. - 25.4mm; I kip - 4.45 leN 
Table 3. Measured Specimen Dimensions and Experimental Ultimate Loads 
for Channel 125x65x4 of Series SI 
Specimen Web Flanges Thickness Radius Length Exp~ Load per Web 
d br t rj L PEXD 
(rom) (rom) (mm) (rom) (rom) (kN) 
S IEOF200N75-a 198.7 75.8 4.71 4.2 839.8 49.3 
SIEOF200N75-b 198.8 75.8 4.71 4.2 839.5 49.3 
SIEOF200N37-a 198.8 76.0 4.72 4.2 764.6 43.7 
SIEOF200N37-b 198.8 75.8 4.74 4.2 764.5 43.7 
S IIOF200N75-a 198.9 75.9 4.74 4.2 855.2 94.5 
SIIOF200N75-b 198.7 75.9 4.73 4.2 854.2 94.5 
SIIOF200N37-a 198.7 75.9 4.72 4.2 816.8 91.2 
SIIOF200N37-b 198.8 75.9 4.74 4.2 817.5 91.2 
SlETF200N75 198.9 75.9 4.72 4.2 375.3 40.2 
SIETF200N37 198.7 75.9 4.72 4.2 336.9 31.2 
SlITF200N75 198.7 75.9 4.72 4.2 675.2 100.1 
SlITF200N37 198.8 76.0 4.73 4.2 638.0 99.8 
Mean 198.8 75.9 4.73 4.2 
SD 0.08 0.07 0.01 0.00 
COY 0.000 0.001 0.002 0.000 
Note: 1 m. - 25.4rom; 1 kip - 4.45 leN 
Table 4. Measured Specimen Dimensions and Experimental Ultimate Loads 
for Channel200x75x5 of Series SI 
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Specimen Web FlaQges Thickness Radius LeQgth Exp. Load per Web 
d br t r, L PE"P 
(rom) (rom) (rom) (rom) (rom) (kN) 
SIEOF250N90-a 249.3 90.1 5.99 7.9 1018.1 64.3 
SIEOF250N90-b 249.3 90.0 5.99 7.9 1014.3 64.3 
S IEOF250N45-a 249.7 89.9 5.99 7.9 925.9 61.3 
SIEOF250N45-b 249.5 89.8 5.99 7.9 921.8 61.3 
S lIOF250N90-a 249.8 89.9 5.99 7.9 1023.0 142.8 
S lIOF250N90-b 249.6 89.8 5.99 7.9 1020.1 142.8 
S lIOF250N45-a 249.2 90.0 5.98 7.9 974.3 132.3 
S lIOF250N45-b 249.3 90.0 5.99 7.9 976.4 132.3 
S1ETF250N90 249.2 89.8 5.99 7.9 465.1 50.6 
SIETF250N45 249.4 89.9 5.98 7.9 421.0 46.9 
SlITF250N90 249.6 90.0 6.01 7.9 838.4 148.5 
SlITF250N45 249.5 89.9 5.99 7.9 796.5 148.4 
Mean 249.5 89.9 5.99 7.9 
SD 0.20 0.10 om 0.00 
COY 0.001 0.001 0.001 0.000 
-Note. 1 m. - 25.4rom; 1 kip 4.45 kN 
Table 5. Measured Specimen Dimensions and Experimental Ultimate Loads 
for Channel 250x90x6 of Series S1 
Specimen Web Flanges Thickness Radius Length Exp. Load per Web 
d bf t r, L PExp 
(rom) (rom) (rom) (rom) (rom) (kN) 
S 1EOF300N90-a 298.6 90.9 6.00 8.4 1167.5 64.8 
S IEOF300N90-b 298.5 91.1 6.00 8.4 1170.1 64.8 
SIEOF300N45-a 298.6 91.0 6.00 8.4 1079.0 62.5 
SIEOF300N45-b 298.4 91.1 6.01 8.4 1077.7 62.5 
S lIOF300N90-a 298.7 91.3 6.00 8.4 1169.0 143.4 
SlIOF300N90-b 298.8 90.9 6.00 8.4 1169.8 143.4 
SlIOF300N45-a 298.6 91.3 6.00 8.4 1125.0 134.6 
SlIOF300N45-b 298.5 91.3 6.00 8.4 1124.3 134.6 
S1ETF300N90 298.5 90.9 5.98 8.4 539.6 49.4 
S1ETF300N45 298.3 91.2 6.01 8.4 495.2 45.4 
SlITF300N90 298.8 90.9 6.00 8.4 990.0 149.1 
SlITF300N45 298.6 91.0 5.97 8.4 944.1 144.6 
Mean 298.6 91.1 6.00 8.4 
SD 0.15 0.17 0.01 0.00 
COY 0.000 0.002 0.002 0.000 
Note: 1 m. - 25.4mm; 1 kip - 4.45 kN 
Table 6. Measured Specimen Dimensions and Experimental Ultimate Loads 
for Channel300x90x6 of Series S1 
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Specimen Web Flanges Thickness Radius Length EXD. Load Der Web 
d br t rj L PExv 
(mm) (mm) (mm) (mm) (mm) (kN) 
S2EOFSON40-a SO.2 39.7 3.S2 4.0 320.0 26.4 
S2EOFSON40-b SO.3 39.6 3.S5 4.0 320.0 26.4 
S2IOFSON40-a(l) SO.3 39.7 3.S5 4.0 369.S 43.9 
S2IOFSON40-b(l) SO.3 39.7 3.S1 4.0 36S.7 43.9 
S2IOFSON40-a(2) SO.3 39.6 3.S4 4.0 370.0 44.2 
S2IOFSON40-b(2) SO.2 39.7 3.S2 4.0 369.0 44.2 
S2ETFSON40 SO.2 39.7 3.S5 4.0 159.8 14.8 
S2ITF80N40 SO.3 39.7 3.7S 4.0 280A 32.4 
Mean 80.3 39.7 3.S3 4.0 
SD 0.05 0.05 0.02 0.00 
COY 0.001 0.001 0.007 0.000 
Note: I m. - 25.4mm; I kip - 4.45 kN 
Table 7. Measured Specimen Dimensions and Experimental Ultimate Loads 
for Channel SOx40x4 of Series S2 
Specimen Web Flanges Thickness Radius Length EXD. Load Der Web 
d br t rj L PExv 
(mm) (mm) (mm) (mm) (mm) (kN) 
S2ETFIOON50 99.7 49.9 4.S3 5.S 201.0 26.7 
S2ITFIOON50 99.7 49.9 4.S2 5.S 352.3 56.9 
Mean 99.7 49.9 4.83 5.S 
SD 0.00 0.00 O.oJ 0.00 
COY 0.000 0.000 0.001 0.000 
Note: I m. = 25.4mm; I kip = 4.45 kN 
Table S. Measured Specimen Dimensions and Experimental Ultimate Loads 
for ChannellOOx50x5 of Series S2 
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Specimen Web Flanges Thickness Radius Length Exo. Load oer Web 
d br t r; L PBx" 
(nun) (nun) (nun) (nun) (nun) (kN) 
S2EOF140N50-a 139.9 49.6 3.87 4.0 518.0 27.9 
S2EOF140N50-b 139.8 49.9 3.87 4.0 517.5 27.9 
S2IOF140N50-a 140.0 49.9 3.89 4.0 559.4 49.7 
S2IOF140N50-b 140.0 49.8 3.90 4.0 559.0 49.7 
S2ETF140N50 139.9 49.9 3.88 4.0 261.7 18.7 
S2ITF140N50 140.0 50.2 3.89 4.0 471.5 44.3 
Mean 139.9 49.9 3.88 4.0 
SD 0.08 0.19 0.01 0.00 
COY 0.001 0.004 0.003 0.000 
Note: 1 m. - 25.4nun; 1 kip - 4.45 kN 
Table 9. Measured Specimen Dimensions and Experimental Ultimate Loads 
for Channel 140x50x4 of Series S2 
Specimen Web Flanees Thickness Radius Leneth Exo. Load oer Web 
d br t r; L PBx" 
(nun) (nun) (nun) (nun) (nun) (kN) 
S2EOF150N75-a 149.4 75.4 3.86 4.0 559.2 33.2 
S2EOF150N75-b 149.3 75.4 3.86 4.0 600.0 33.2 
S2IOF150N75-a 149.3 75.7 3.85 4.0 614.5 55.1 
S2IOF150N75-b 149.2 75.5 3.85 4.0 615.5 55.1 
S2ETF150N75 149.3 75.3 3.86 4.0 303.8 19.0 
S2ITF150N75 149.2 75.6 3.86 4.0 526.9 43.6 
Mean 149.3 75.5 3.86 4.0 
SD 0.08 0.15 0.Q1 0.00 
COY 0.001 0.002 0.001 0.000 
Note. 1 m. - 25.4nun, 1 kip - 4.45 kN 
Table 10. Measured Specimen Dimensions and Experimental Ultimate Loads 
for Channel 150x75x4 of Series S2 
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Test Series Channel Nominal Measured 
d x brx t 0"0.2 0'0.2 0". E. 
(rnm) (MPa) (MPa) (MPa) (%) 
SI 75x40x4 450 450 525 20 
SI 100x50x4 450 440 545 20 
SI 125x65x4 450 405 510 23 
SI 200x75x5 450 415 520 24 
SI 250x90x6 450 445 530 21 
SI 300x90x6 450 435 535 23 
S2 80x40x4 250 280 370 35 
S2 100x50x5 250 295 370 36 
S2 140x50x4 250 290 380 39 
S2 150x75x4 250 275 375 37 
Note: 1 m. - 25.4 rnm; 1 ksl - 6.89 MPa 
Table 11. Nominal and Measured Material Properties 
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